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T he widespread use of alfalfa in ruminant livestock diets and the impact of its nutritive value on animal performance has been the impetus for extensive research eff orts to discern relationships among harvest interval, plant maturity and morphology, forage yield, and nutritive value. Several studies have documented the general eff ect of harvest frequency on annual alfalfa DM yield and nutritive value across a range of environments (Brink and Marten, 1989; Kallenbach et al., 2002; Matches et al., 1970; Putnam et al., 2005) . Th e general conclusion reached by these authors was that as the interval between harvests increased, annual DM yield increased while nutritive value at each harvest decreased.
Th e decline in forage nutritive value with increasing harvest interval is a consequence of progressing maturity and the associated eff ects of increasing stem growth and decreasing leaf proportion, and decreasing stem nutritive value (Albrecht et al., 1987; Sanderson and Wedin, 1988; Sheaff er et al., 2000) . Implications of greater maturity for animal performance are generally negative. Nelson and Satter (1990) found that when fed at a 55:45 alfalfa/ concentrate ratio, feed intake and digestion, and milk production of dairy cows declined as the maturity at which the alfalfa was harvested increased from mid-bud to early fl ower to full fl ower . Miller et al. (1991) reported similar results in beef cows (Bos taurus) fed a diet consisting entirely of cubed alfalfa; average daily gain declined as the maturity of the alfalfa fed to the cows increased.
While the agronomic studies cited above have documented the general eff ects of harvest interval and maturity on alfalfa yield and nutritive value across the whole growing season, these studies did not determine how yield changes relative to nutritive value within the periods of a growing season in which alfalfa is typically harvested. Th ese harvest periods within a growing season are unique due to changing environmental conditions and present the producer with distinct harvest management considerations. Hall et al. (2000) found that alfalfa forage nutritive value declines at diff erent rates during the spring, early summer, late summer, and fall growth periods, and Sheaff er et al. (1998) found that nutritive value of the fi rst cutting at bud and fl ower stage diff ers from that of the third cutting, but neither author reported commensurate yield changes. Th e only study comparable to that reported here was conducted in a single environment during a limited portion of a single growing season by Moline and Wedin (1963) , who found that crude fi ber concentration and yield of 'Vernal' alfalfa increased more rapidly from late May to early July than from early July to mid-August. Yield and changes in nutritive value in that study were measured at 7-d intervals over a 5-wk period. Both the time interval and harvest period would be considered unrealistic and excessively long by today's standards for optimum alfalfa harvest management. In addition, more pest-resistant and higher-yielding alfalfa cultivars are available to producers today.
Whether produced for commercial sale or for livestock consumption on the farm, alfalfa producers need specifi c information about yield and nutritive value relationships within the environmentally-distinct periods of the growing season to make informed harvest management decisions. Knowledge of these relationships is also needed for the diff erent regions where alfalfa is typically grown, primarily the northeastern, midwestern, and western United States. Th is study was conducted to determine the rate at which alfalfa yield changes relative to nutritive value during each of the periods in which it is typically harvested at three representative locations. Th is experiment diff ers from other studies in which alfalfa yield and nutritive value were measured in that growth during each harvest period (spring, early summer, late summer, and fall) was independent of the infl uence of harvest management before or aft er sampling. alfalfa were drilled (20-cm row spacing) into a prepared seedbed at 22.4 kg pure live seed ha -1 in plots measuring 1.8 by 4.6 m (Pennsylvania), 1.5 by 4.9 m (Wisconsin), or 1.5 by 5.5 m (Idaho). All cultivars have a fall dormancy rating of 4 and the following traits distinctive to each cultivar: multiple pest resistance and enhanced seedling resistance to Phytophthora and Aphanomyces root rot (Affi nity + Z), reduced lodging and fast recovery aft er harvest (Standfast), and multiple pest resistance with enhanced leaf hopper resistance and fast recovery aft er harvest (WL 346 LH). Th e experimental design was a split-split-plot arrangement of a randomized complete block with the harvest period in which alfalfa growth was measured (spring, early summer, late summer, and fall) as the whole plot, alfalfa cultivar as the subplot, and harvest date based on the number of days (0, 5, 10, 15, and 20) aft er each cultivar reached Stage 2 of morphological development described by Kalu and Fick (1981) as the subsubplot in four replicates. Potato leafh oppers (Empoasca fabae L.) were controlled as necessary at all locations with Warrior (lambda-cyhalothrin) insecticide at a rate of 0.024 kg a.i. ha -1 . Plots at Idaho were irrigated on 13 May, 27 June, and 4 Aug. 2005 (100 mm per application). Harvest treatments were imposed in 2004 (Pennsylvania and Wisconsin) and 2005 (all locations). During each of the periods in which the fi rst harvest (spring, mid-May to early June), second harvest (early summer, mid-June to mid-July), third harvest (late summer, late July to mid-August), and fourth harvest (fall, late August to late September) typically occurs at these locations, each cultivar was initially harvested between 0900 and 1100 h on the day when Stage 2 (Kalu and Fick, 1981 ; stem length >30 cm, no buds, fl owers, or seedpods) was attained, which was considered Day 0 (Table 3) . Additional subsubplots of each cultivar were cut 5, 10, 15, and 20 d aft er Stage 2 was reached. Alfalfa maturity aft er Day 0 was not noted since time governed subsequent harvest dates. Because there were no diff erences in the date on which Affi nity+Z, Standfast, and WL346 reached Stage 2 during each of the four harvest periods at any location, all cultivars were harvested on the same date at Day 0. Any whole plot that was not scheduled to be harvested according to the above protocol during a particular harvest period was cut when fl owers fi rst appeared, and the forage discarded. For example, plots that were scheduled to be cut sequentially (0, 5, 10, 15, and 20 d aft er Stage 2) during the early summer period were harvested during the spring, late summer, and fall periods at fi rst fl ower. Treatments were structured in this manner so that alfalfa growth during a harvest period of interest was not infl uenced by diff erential cutting during a previous harvest period. Plot assignments for harvest period and days of growth were maintained within a replicate between years. Plots in Idaho were not harvested during the fall period due to plant senescence caused by freezing temperatures.
MATERIALS AND METHODS
Forage DM yield was determined by cutting a 1-m swath at a 5-cm stubble height through the center of each plot with a sicklebar (Idaho and Wisconsin) or fl ail-type harvester (Pennsylvania). A 600-to 800-g subsample was taken from each yield sample, dried at 65ºC for 48 h, weighed to determine DM content, and ground to pass a 1-mm Wiley mill screen. A 50-g subsample of the ground forage was stored in plastic bottles. Samples were analyzed for NDF (cell wall concentration) and NDFD (cell wall digestibility) concentration by calibrated near infrared refl ectance spectroscopy. Herbage NDF concentration of calibration samples was measured by the method of Mertens (2002) . Herbage in vitro NDFD of calibration samples was measured by the method of Goering and Van Soest (1970;  48 h incubation) using rumen fl uid collected from four lactating cows and blended in equal parts. Diet of the confi ned canulated cows consisted of alfalfa haylage, corn silage, temperate grass hay, and concentrate in equal proportions. Calibration statistics were the following: NDF, standard error of prediction corrected for bias [SEP(C)] = 0.86 and R 2 = 0.97; NDFD, SEP(C) = 2.86 and R 2 = 0.82.
Th e Mixed Models procedure of SAS was used to test the signifi cance of interactions among year, location, harvest period, alfalfa cultivar, and days aft er Stage 2. Block was assumed to be a random eff ect. Year, location, harvest period, cultivar, and days were assumed to be fi xed eff ects. Th e Mixed Models procedure was also used to determine the signifi cance (P ≤ 0.05) of regression equations describing the change in DM yield, NDF, and NDFD for each harvest period, to estimate regression coeffi cients, and to test diff erences among the linear component of the regression equations. Kalu and Fick (1981) Stage 2, or fi rst fl ower, during the spring (Greenfi eld and Smith, 1973; Smith, 1969) and shift ed the initial cutting date of subsequent harvest periods to earlier dates (Table 3) . At Idaho, where irrigation is required for alfalfa production aft er the spring due to a semiarid climate, mean monthly temperatures in 2005 were above normal every month of the growing season except June. At all locations, mean monthly temperature increased to a maximum in July before declining.
RESULTS AND DISCUSSION

Environment
Statistical Analysis
Th ere was no interaction (P ≤ 0.05) between alfalfa cultivar and days of growth, harvest period, location, and year for DM yield, NDF, and NDFD concentration (Table 4) . Th e similarity in growth among the cultivars was consistent with respect to their fall dormancy ratings and suggested regions of adaptation. Th e days × year × location × harvest period interaction for DM yield, NDF, and NDFD was signifi cant (P ≤ 0.05; Table 4 ) due primarily to the environmental diff erences within and between years at each location (Tables 1 and 2 ). Th e relationship between each response (DM yield, NDF, NDFD) and days of growth was usually linear (P ≤ 0.05) during every harvest period. Th e only exception was a quadratic trend for DM yield during the spring harvest period at Pennsylvania in 2004 and 2005 , and quadratic trends for NDFD during the early summer and late summer harvest periods at Wisconsin in 2004 and 2005 . Th e linear components of these quadratic regression equations were used in statistical comparisons of the rate of change in DM yield, NDF, and NDFD for these harvest periods with other harvest periods.
Dry Matter Yield
Although environmental conditions at Pennsylvania and Wisconsin diff ered considerably in 2004 and 2005 (Tables 1  and 2 ), diff erences in the rate of alfalfa DM yield production among harvest periods were relatively consistent over the 2 yr. Alfalfa DM was produced more rapidly at Pennsylvania during the spring harvest period (222. Moline and Wedin (1963) reported that the rate of DM production was greater during the spring than during the summer when alfalfa was cut initially at vegetative stage and every 7 d for 35 d. Kallenbach et al. (2002) , however, found that across a range of harvest frequencies, the DM yield produced during spring harvests was not consistent relative to summer harvests over 5 yr, with yield increasing with successive harvests from spring through early summer 1 yr and decreasing the next year.
Th e rate of DM production was lowest both years at Pennsylvania and Wisconsin during the fall harvest period (P ≤ 0.05, except in 2005 at Pennsylvania for early summer vs. fall; Tables  5 and 6 ). Similar results have been reported by others (Brink and Marten, 1989; Kallenbach et al., 2002; Matches et al., 1970) , who found that regardless of harvest frequency, alfalfa yield was lowest during the fall.
At Idaho, the rate of DM production was similar during the early and late summer harvest periods, and greater than that during the spring harvest period (Tables 5 and 6 ; Fig. 3 ). Wright (1988) also found that while DM yield was greatest in the spring, the rate of alfalfa growth was greatest from 17 June to 7 August, a period similar to the early and late summer harvest periods of the current study.
Neutral Detergent Fiber Concentration
Among the four harvest periods, alfalfa NDF concentration increased with time more rapidly during the spring than during any other harvest period in Pennsylvania in 2004 (Tables 7 and  8 (Sanderson and Wedin, 1988) . Moline and Wedin (1963) also found that herbage crude fi ber increased more rapidly during the fi rst cutting (late May-late June) than during the second cutting (early July-mid-August). In a comparison of high-quality and traditional alfalfa cultivars, Hall et al. (2000) found that herbage NDF increased more rapidly during the fi rst growth period (mid-May-early June) compared to the second (mid-June-early July), third (midJuly-early August), or fourth (early to mid-September) growth periods. Onstad and Fick (1983) attributed diff erences in alfalfa nutritive value between the spring and subsequent growth periods to the proportion of leaves in the total forage, with the proportion of high-quality leaves being less in the herbage of spring growth than in regrowth herbage for a given age or stage of development.
In contrast to Pennsylvania and Wisconsin, the increase in alfalfa NDF in Idaho during the early summer harvest period was almost twofold greater than both the spring and late summer harvest periods (Tables 7 and 8 ; Fig. 6 ). In a northern California environment similar to that of southern Idaho, Orloff et al. (2002) also found that NDF of alfalfa harvested at prebud to full bloom stage increased more rapidly in the early summer (3.8 g kg -1 DM d -1 ) compared to the spring (3.0 g kg -1 DM d -1 ), probably because the stem fraction had greater NDF during the summer than the spring (Sanderson and Wedin, 1988) .
Neutral Detergent Fiber Digestibility Concentration
Neutral detergent fi ber digestibility of the diet is an indicator of potential DM intake and milk yield in dairy cows (Oba and Allen, 1999) . Summarizing data from a range of studies, the authors found that a one-unit increase in herbage in vitro or in situ NDFD was associated with a 0.17-kg increase in DM intake and a 0.25-kg increase in 4% fat-corrected milk per day. In this study, alfalfa NDFD declined with days of growth within harvest periods and was oft en negatively correlated (P ≤ 0.05) with NDF (R 2 ranging from -0.77 to -0.97), with correlations occasionally being not signifi cant (P > 0.05) during the early and late summer harvest periods.
Th e decline in NDFD with days of growth was most rapid during the early summer harvest period at all locations except Pennsylvania in 2004 (Tables 9 and 10; Fig. 7, 8, and 9) . Unlike the spring harvest period, when a greater rate of increase in NDF can be explained by lower leaf proportion in the herbage during the spring compared to other regrowth periods in Pennsylvania and Wisconsin (Onstad and Fick, 1983) , the more rapid decline in NDFD during the early summer harvest period can be attributed to higher temperatures, which accelerates alfalfa maturation and lignifi cation of the stem cell wall fraction (Sanderson and Wedin, 1988) , resulting in lower cell wall digestibility (Buxton and Brasche, 1991; Buxton and Hornstein, 1986) . Because of the positive association between temperature and cell wall lignin concentration (Van Soest et al., 1978) and the degree to which temperature varies during the summer, consistently predicting how rapidly NDFD will change during these harvests periods may be diffi cult.
CONCLUSIONS
Economic incentives dictate that alfalfa producers carefully consider the impact of harvest management on yield and nutritive value. Although yield is negatively associated with herbage NDF, acid detergent fi ber, and crude protein (Kallenbach et al., 2002) , the environmental conditions that infl uence alfalfa growth are not constant throughout the growing season. A better understanding of how the relationship between yield and nutritive value, particularly fi ber content and digestibility, diff ers among harvest periods will permit producers to tailor harvest management to optimize yield and nutritive value.
Our results suggest that rather than simply adhere to general guidelines with respect to an initial spring harvest date and a fi xed cutting interval thereaft er, the timing of cuttings made in humid regions during the spring and early summer has greater importance than those made during the remainder of the growing season. During the spring and early summer, DM is being produced and nutritive value is generally declining more rapidly (NDF increases in spring, NDFD decreases in early summer) than during the late summer or fall. For example, Kallenbach et al. (2002) found that harvesting alfalfa initially in early spring with subsequent harvest intervals of <30 d produced less annual DM that had greater nutritive value than that obtained by harvesting later in the spring with longer subsequent intervals. Our results, however, indicate that only spring and early summer harvests need to occur early and more frequently to attain forage with high nutritive value in humid regions. Th e slower rate of change in nutritive value later in the growing season suggest that the timing of these harvests can be delayed to capture additional DM. In contrast, timing of the spring harvest in more arid environments appears to be less critical due to the slower rate of change in nutritive value compared to the early and late summer, thus allowing producers to delay harvest to obtain maximum DM yield. 
